mutants failed to change the intracellular free calcium levels or the distribution ofpolymerized actin in cultured epithelial cells; neither did they alter the normal architecture of the microvilli of polarized Madin-Darby canine kidney cells. Wild-type S. typhimurium was able to rescue the invasive phenotype of the invE mutants in simultaneous infections of cultured epithelial cells although it did not rescue the Escherichia coil strain RDEC-1. We hypothesize that invE mutants are deficient in triggering the intracellular events that lead to bacterial internalization.
The ability to penetrate the cells of the intestinal epithelium is an essential step in the pathogenic cycle of the enteric pathogen Salmonella (1) . The invasion process is thought to involve the interaction of determinants on the surface of Salmonella with the host cell, triggering an event that resembles phagocytosis.
Pioneering in vivo electron microscopy studies by Takeuchi (1) provided a framework for the understanding of the sequence of events that leads to the entry of Salmonella into intestinal epithelial cells. He elegantly showed that the microvilli of the intestinal epithelium underwent dramatic changes after Salmonella came into close proximity to the brush border. These changes, localized to the point of bacterial contact, were transient, since after internalization of the bacteria, the microvilli recovered their normal appearance. Similar observations were later made by Finlay and Falkow (2) using polarized cultured epithelial cells. The molecular bases for this phenomenon, which appears to be unique to Salmonella, are not understood. Furthermore, the significance of this event in the invasion process is unknown.
With the use of genetic techniques and tissue culture several laboratories have identified Salmonella genetic loci that are necessary for invasion (3) (4) (5) (6) (7) (8) . Our laboratory previously identified four Salmonella genes (invA, -B, -C, and -D) that allow Salmonella typhimurium to enter cultured epithelial cells (7) . Virulent strains of Salmonella carrying defined mutations in these genes were shown to have higher 50% lethal doses than their parent strains when administered orally to mice. A more recent study (9) (7, 9) and the nalidixic acid-resistant Escherichia coli strain RDEC-1 (10) have been described. P22 HTint transduction was performed as described (11) . Recombinant DNA techniques were performed by standard procedures (12) . Analysis of plasmidencoded proteins was carried out using a T7-directed expression system (13) . DNA sequencing was carried out on both strands by the dideoxy chain-terminator method using Sequenase (United States Biochemical). Unidirectional deletions were constructed following the procedure of Henikoff (14) . Sequence analysis was conducted using the Genetics Computer Group package from the University of Wisconsin (15 (7) containing the invE gene but not downstream sequences was cloned between the HindIII and BamHI sites of plasmid pACYC184, and the resulting plasmid, pSB50, was introduced into the invE::aph S. typhimurium mutant SB109. If the effect of invE: :aph was due to its polarity on downstream genes, pSB50 should not complement this mutation. pSB50 readily restored the invasiveness of SB109 (Table 1) . However, plasmid pSB51, which carries a chloramphenicol acetyltransferase (cat) gene cassette (18) in the Nru I site of invE, was not able to restore the invasive phenotype of SB109 (Table 1) . These results indicate that invE itself is needed for S. typhimurium efficient penetration of cultured cells.
Characterization of the invE Gene Product. The invE gene was cloned downstream from a bacteriophage T7 RNA polymerase promoter of plasmid pSKII (Stratagene) to yield plasmid pSB52. The resulting plasmid was transformed into E. coli BL21(DE3), which carries the 17 RNA polymerase gene under the control of the lac promoter (13) . Plasmidencoded proteins were selectively labeled with [35S]methionine as described (13) . A 43-kDa polypeptide was observed in strains containing pSB52 (Fig. 1, lane A) microscopy the interaction of invE and wild-type SR11 strains of S. typhimurium with cultured epithelial cells. We chose to examine the interaction with polarized MDCK cells because these cells possess fully developed microvilli, therefore representing a better model for the initial interaction of Salmonella with the intestinal epithelium (21) . Shortly after contact of wild-type S. typhimurium with the epithelial cells, a dramatic localized change in the appearance of the microvilli at the point of contact with the bacteria was observed ( Fig. 2A) . Initially, the microvilli appeared more sparse and membrane folds started to be visible (Fig. 2B ). Immediately after, the cell membrane was seen to bulge, forming a bleb, in the center of which bacteria could be seen (Fig. 2 A and C) . Sometimes several bacteria were observed in the middle of the bleb (Fig. 2D) . In other instances blebs without bacteria were present, but in these cases a depression in the middle of the bleb was frequently noticed. At later times (60 min), microvilli started to reappear in the bleb area (Fig. 2E) . After 2 hr no blebs were apparent and very few bacteria were observed on the surface ofthe cells. In contrast, none ofthese changes were observed when the polarized cells were infected with S. typhimurium invE mutants (Fig. 2F) . Numerous bacteria were observed attached to the surface of the monolayer, but no changes in the normal architecture of the microvilli were apparent even 2 hr after challenge. reported that drugs that affect the normal integrity of microfilaments, such as cytochalasins, inhibit Salmonella entry into eukaryotic cells (22) (23) (24) . In addition, there is an accumulation of actin filaments around the invading bacteria (24) . We used fluorescence microscopy to examine the distribution of polymerized actin filaments in wild-type and invE S. typhimurium-infected epithelial cells. Shortly after infection with wild-type organisms, areas of condensed actin visualized by rhodamine-labeled phalloidin were observed (Fig.  3A) . By visualizing the bacteria with fluorescein-labeled anti-Salmonella antibodies, it was determined that the areas ofcondensed microfilaments were most often associated with bacteria (Fig. 3B) . In contrast, none of these changes were apparent when cells were infected with invE mutants (Fig.  3C) , although a large number of cell-associated bacteria were apparent (Fig. 3D) .
Effect wild-type and invE mutants of Salmonella. It was reasoned that if the wild-type bacteria could provide the triggering of the intracellular events, neighboring invE mutants may be internalized. This proved to be the case. The invasiondefective invE mutant SB109 was very efficiently internalized into Henle-407 cells when simultaneously infected with wildtype S. typhimurium (Table 3 ). In contrast, in a similar experiment E. coli RDEC-1 was not internalized into Henle-407 cells when coinfected with wild-type S. typhimurium (Table 3 ) despite the fact that this E. coli strain was fully capable of attaching to these cells (data not shown; ref. 10) . DISCUSSION
The study of host-parasite interactions that lead to microbial internalization into nonphagocytic cells has recently generated great interest, largely because the ability to enter eukaryotic cells constitutes a very important feature of several pathogenic microorganisms and because the study of these events may lead to a better understanding of certain aspects of cell biology such as endocytosis and signal transduction.
One of the invasive bacteria, Salmonella, gains access to the host by entering the enterocytes of the intestinal epithelium as well as the M cells of Peyer's patches (1, 28) . These are specialized epithelial cells that appear to be better suited for taking up large particles and are believed to be important in antigen sampling. Even though it appears that a number of microorganisms are able to enter the host through M cells, invasion of enterocytes appears to be a more restricted phenomenon.
Our laboratory has been studying the interaction of Salmonella with cultured epithelial cells and has previously identified a group of genes that are necessary for these bacteria's ability to enter these cells (7) . We have now identified a fifth gene, invE, located immediately upstream of invA. Mutations in this gene rendered S. typhimurium noninvasive, and this defect could be complemented in trans with a plasmid carrying only the invE gene (Table 1) . Interestingly, invE mutants remained fully capable of attaching to cultured cells, exhibiting adherence similar to that of wild type (Table 1) .
Takeuchi (1) showed that Salmonella, reaching close proximity to enterocytes, caused profound changes in the architecture of the enterocytes. These changes were shown to be localized to the point of contact and were also transient, since upon internalization of the bacteria, the architecture of the microvilli returned to normal. Finlay and Falkow (2) confirmed these observations in a tissue culture system. These observations prompted us to examine under the scanning electron microscope the interaction of wild-type and invE S. typhimurium mutants with cultured polarized MDCK cells, since these cells better resemble the normal arrangement of the microvilli of the enterocytes. Shortly after infection, wild-type S. typhimurium appeared tightly bound to the surface of the microvilli. Profound changes in the normal architecture of the microvilli were later seen, characterized by the appearance of smooth membrane blebs surrounding one or sometimes several bacteria (Fig. 2 A-D) . These changes appeared to be transient, since after internalization of the bacteria, the microvilli started to regenerate (Fig. 2E) . After 2 hr, few blebs and very few bacteria were observed on the surface of the cell. Interestingly, invE mutants failed to cause any changes in the normal architecture of the microvilli, even though a large number of bacteria were seen closely associated with the cells (Fig. 2F) . It is possible that upon contact with the epithelial cells, wild-type Salmonella may trigger a sequence of events that lead to the reorganization of cytoskeletal components that normally maintain the structure of the microvilli. This in turn would facilitate the endocytic event. Consistent with this notion is the observation of extensive aggregates of cytoskeletal components in cultured epithelial cells after infection with Salmonella ( Fig. 3 A and B and ref. 22) . In work to be published elsewhere, we have found that [Ca2]1i increases during Salmonella invasion. This increase is not a consequence of Salmonella internalization, since wild-type Salmonella can trigger this event in cells treated with cytochalasin, which prevents bacterial entry (J.P. and J.E.G., unpublished work). We showed here that invE mutants were unable to cause an increase in [Ca2+]i (Table 2 ). This observation, in conjunction with the inability of invE mutants to cause changes in the distribution of actin filaments (Fig. 3 C and D) , suggests that these mutants are unable to trigger the intracellular events leading to bacterial internalization. This hypothesis is also supported by the efficient rescue of the invasive phenotype of invE mutants by wild-type S. typhimurium in simultaneous infections of cultured epithelial cells (Table 3 ). This rescue was specific for this mutant, since in a similar experiment the adherent E. coli strain RDEC-1 was not internalized.
InvE shows homology to YopN (LcrE) (19, 28) , a surface protein involved in the low-Ca2+ response (Lcr) of the invasive pathogen Yersinia. The Lcr regulon is a very complex virulence regulon manifested by the requirement for millimolar Ca2+ for maximal growth at temperatures above 340C and by the temperature-and Ca2+-regulated expression of virulence genes (reviewed in ref. 29) . Mutations in yopN (IcrE) rendered Yersinia indifferent to Ca2+ levels and unable to grow at 370C even in the presence ofmillimolar Ca2+. It has been suggested that YopN may be involved in Ca2+ sensing and transmission of a signal to regulate the transcription of the yop genes (19) . We have recently determined the nucleotide sequence of invA (.E.G., C.G., and P. Costeas, unpublished work) and found the predicted amino acid sequence of InvA to be highly homologous (42% identity, 68% similarity) to LcrD, another Yersinia protein involved in the Lcr. Interestingly, yopN is located upstream and very close to lcrD, a similar topological relationship to the one between invE and invA. Salmonella does not exhibit a low-Ca2+ response, so the functional implications of this homology are unclear. Nevertheless, it is tempting to speculate a common origin for these genes. In fact, the G+C content of the inv genes so far sequenced is 45%, a value not consistent with the 52% average reported for Salmonella DNA (29) , suggesting that perhaps Salmonella may have acquired these genes from a different organism at some point in evolution. In fact, Yersinia genomes have a reported G+C content of 46% (30) suggesting that perhaps Salmonella may have acquired the nv genes from these invasive organisms.
At the moment we can only speculate as to how InvE may exert its function. At least two mechanisms are possible. InvE may trigger the intracellular events that lead to bacterial internalization directly or, alternatively, it may exert a regulatory role on the expression or localization of the effector molecules.
In summary, we have identified an invasion gene of Salmonella, invE, that is involved in the triggering of intracellular events that lead to microbial internalization. Unraveling the precise mechanisms by which InvE exerts its function will greatly advance the understanding of the mechanism of Salmonella invasion. These studies should be relevant to all Salmonella because the invE gene is present and functional in most (if not all) Salmonella serovars.
